Wstęp: Pacjenci poddawani zabiegowi pomostowania tętnic wieńcowych (coronary artery bypass grafting -CABG) narażeni są na powikłania w postaci udarów i zaburzeń neuropoznawczych. Celem pracy była ocena częstości i rodzaju zmian występu-jących w mózgowiu u pacjentów po operacji pomostowania tętnic wieńcowych wykrytych w badaniach rezonansu magnetycznego (RM), ze szczególnym uwzględnieniem obrazowania SWI (susceptibility-weighted imaging), oraz porównanie zmian w ośrodkowym układzie nerwowym u pacjentów operowanych z użyciem krążenia (on-pump CABG) i bez krążenia pozaustrojowego (off-pump CABG). Materiał i metody: Analizie poddano 51 pacjentów (43 męż-czyzn, średnia wieku 63,12 roku). Badania RM oraz neurologiczne wykonywane były przed operacją, 6-20 dni i 6 miesięcy po operacji. Wyniki: U 15 (29,4%) pacjentów przeprowadzono operację on-pump CABG, u 36 (70.6%) off-pump CABG. W badaniach RM wykonanych po operacji u 12 (23,5%) pacjentów wykryto nowe ogniska; u 4 pacjentów były to ogniska niedokrwienne [widoczne w DWI (diffusion-weighted imaging)], u 6 zmiany widoczne w SWI, u 1 pacjenta zarówno w DWI, jak i SWI. Udar krwotoczny wystąpił u 1 pacjenta. U 60% pacjentów operowanych on-pump CABG stwierdzono zmiany w mózgu (vs 8,3% w grupie operowanej off-pump CABG), p < 0,0001; zmiany te częściej były mnogie (p < 0,0013) oraz zlokalizowane podnamiotowo (p < 0,0218). Zmiany widoczne w SWI wystę-
Introduction
Despite significant development of cardiac surgery and anesthetic techniques, it has not been possible to eliminate neurological complications associated with cardiac surgery. Patients undergoing coronary artery bypass grafting (CABG) are at risk of complications such as strokes, neurocognitive disorders or mental disorders. The mechanism of these complications seems to be multifactorial. Cardiopulmonary bypass (CPB) has long been considered as a major factor of cerebral complications [1] . A significant risk associated with the use of extracorporeal circulation is brain damage caused by micro-and macroemboli, mechanical damage to blood morphotic elements, systemic inflammatory response syndrome (SIRS) or hypoperfusion. However, recent large prospective randomized studies comparing the incidence of neurological events in a group of patients undergoing CABG with and without extracorporeal circulation (on-pump CABG and off-pump CABG) did not confirm a significant decrease in neurological complications in patients operated on without extracorporeal circulation [2] [3] [4] . Advanced age, atherosclerotic changes in the ascending aorta, carotid artery stenosis, previous stroke, low left ventricular ejection fraction, atrial fibrillation and atherosclerotic changes in intracranial arteries are mentioned as risk factors for neurological complications [5] [6] [7] [8] . There are also conflicting reports concerning the link between cognitive disorders and microembolism occurring during cardiac surgery [9] [10] [11] . Magnetic resonance (MR) is a very sensitive diagnostic method in detecting brain damage after cardiac surgery. Different MR imaging techniques, including diffusion imaging (diffusion-weighted imaging -DWI), FLAIR (fluid attenuation inversion recovery), PD images (proton density weighted imaging) and T2 sequences markers, are used to identify brain injury. One of the relatively new sequences used to assess blood vessels and brain tissue is magnetic susceptibility imaging (susceptibility-weighted imaging -SWI), which is a high-resolution 3D echo-gradient technique. Susceptibility-weighted imaging is a source of important information about substances differing significantly in terms of magnetic susceptibility from surrounding structures such as deoxyhemoglobin, intracellular methemoglobin, hemosiderin, iron or calcium salts. Susceptibilityweighted imaging differs from gradient echo (GRE) related susceptibility by using both magnitude and phase infor-
Conclusions:
The use of SWI enables one to detect lesions occurring in the brain after CABG, invisible in other sequences. On-pump CABG is associated with a greater risk of clinically silent brain damage compared to off-pump CABG. Key words: CABG, MR, brain changes.
powały wyłącznie u pacjentów operowanych on-pump CABG (p = 0,00005). U wszystkich pacjentów (z wyjątkiem pacjenta z udarem) zmiany wykryte w MR były nieme klinicznie. Wnioski: Zastosowanie obrazowania SWI pozwala na wykrycie zmian w mózgu powstałych po CABG niewidocznych w innych sekwencjach. Operacja on-pump CABG wiąże się z większym ryzykiem niemego klinicznie uszkodzenia mózgu w porówna-niu z operacją off-pump CABG. Słowa kluczowe: pomosty aortalno-wieńcowe, rezonans magnetyczny. mation, and can increase the susceptibility differences, specifically the visibility of hemorrhage.
The aim of this study was to assess the clinical utility of SWI in detection of new brain lesions in patients after CABG. We also assessed the incidence and types of brain lesions in patients after CABG and correlated the data with neurological examinations in groups of patients who underwent on-pump and off-pump CABG.
Material and methods
The study included 60 people (9 women, 51 men, mean age: 63.13 ± 7.26 years). Eighteen patients underwent CABG with use of extracorporeal circulation (on-pump CABG) and in 42 patients the surgery was performed on a beating heart (off-pump CABG). Nine patients were lost to followup postoperatively due to death (3 patients died a few days after the operation in the intensive care unit [ICU]) or refusal to participate further (n = 6). Patients underwent a neurological examination, electroencephalography (EEG), Mini-Mental State Examination (MMSE) tests and MR imaging before, 6-20 days after and 6 months after the CABG. Doppler examination of carotid arteries was performed in all patients before CABG.
Fifty-one patients who underwent examinations before and in the early postoperative period were analyzed. After 6 months a full set of examinations was performed in 42 patients (6 refused to undergo examinations, 1 patient died during follow-up and 2 patients had pacemakers implanted). Study exclusion criteria were: refusal or inability to understand and sign the informed consent form, stroke within the last 6 months, significant carotid artery stenosis (> 70%), urgent bypass grafting or simultaneous heart valve implantation, and contraindications for MR.
Neurological examination
Detailed neurological examinations and assessment of mental state with the MMSE were performed by the same neurologist before and after the surgery. Changes in the neurological condition after the surgery were analyzed based on the neurological examination (the modified Rankin Doppler examination of carotid arteries was performed using a Philips IU 22 device. The significance of stenosis was assessed based on the color and spectral Doppler. All patients gave their informed consent before participating in the study. The study was approved by the local ethics committee.
Statistical analysis
Statistical analysis was performed using PASW Statistics 18 (SPSS Inc., Chicago, IL, USA). Continuous variables are presented as mean ± standard deviation (SD) and compared using 2-tailed, unpaired Student's t-test. The 2-tailed probability value of p < 0.05 was considered statistically significant. Fisher's test and/or χ 2 test were used to test for differences in categorical variables.
Results
Fifty-one patients (8 women, 43 men, mean age: 63.12 years and age range: 48-79 years) were analyzed. Fifteen (29.4%) patients underwent on-pump CABG and 36 (70.6%) off-pump CABG. The average number of grafted bypasses was 3.09 ± 1.13.
Magnetic resonance imaging
On preoperative MRI scans, 78.43% of patients showed signs of vascular brain damage (lacunar infarcts in 45.1%, leukoaraiosis and lacunar infarcts in 25.49%, scars of cortical infarction in 7.84%). No lesions visible on SWI were observed.
On postoperative scans (the mean time between the surgery and the examination was 7.41 ± 2.38 days) new lesions were detected in 12 (23.5%) of the 51 patients. Figure 1 presents the localization of lesions.
In the whole group of operated patients (on-pump and off-pump CABG), multiple, small lesions were observed in 5 patients, and solitary changes were present in 6 patients. Hemorrhagic stroke in the region supplied by the posterior cerebral artery was observed in 1 patient who underwent on-pump CABG. Acute ischemic lesions (visible on DWI) were detected in 4 patients (Fig. 2) , in 6 patients new lesions were visible only on SWI (Fig. 3) , while in 1 case lesions were visible on SWI and DWI. No correlation was observed between the age of patients (over and under 70 years), hypertension, diabetes mellitus, hypercholesterolemia, and the appearance of postoperative lesions detected by MRI. There was no significant association between the degree of preoperative cerebral lesions and presence of new cerebral lesions in the postoperative period. Characteristics of both groups of patients are presented in Table I .
Comparison of the on-pump and off-pump CABG groups
There were no significant differences between the patients who underwent on-pump and off-pump CABG in their age or sex distribution, cerebrovascular history, carotid artery stenosis or history of hypertension or diabetes, or in their preoperative MMSE scores, neurological examinations results (mRankin and NIHSS) or MRI abnormalities (lacunar infarcts, leukoaraiosis or previous cortical infarcts). There was a significant difference in prevalence, character and the number of new lesions detected on MRI examination between patients operated on-pump and off-pump (Fig. 4 shows types of new lesions in both groups of patients). In the group of patients who underwent on-pump CABG, changes were observed in 60.0% (9/15) of patients vs. 8.3% (3/36) who underwent off-pump CABG (p < 0.0001); these changes more often were multiple (p < 0.0013) and located infratentorially (p < 0.0218).
New lesions visible on SWI occurred only in patients who underwent on-pump CABG (p = 0.00005) and were located both supratentorially and infratentorially. In MRI examinations performed after 6 months, new small ischemic Infra-and supratentorial 17% Supratentorial 75% Infratentorial 8% Fig. 1 . Localization of brain changes after coronary artery bypass grafting lesions (not present in early postoperative examination) were detected in 2 patients who underwent off-pump CABG, 1 patient had a stroke during follow-up, and in 1 case resorption of ischemic lesions detected during early postoperative examination was observed. All lesions detected in the early postoperative period on SWI were visible. In the group of patients operated on on-pump the mean number of bypasses was 3.61 vs. 2.83 in those operated on off-pump (p < 0.05).
Neurological examinations
Preoperative neurological exams (mRankin and NIHSS scale) were normal in all patients except 1 who underwent on-pump CABG. The early postoperative examinations revealed mild neurological symptoms in 2 patients who underwent on-pump CABG (NIHSS scale -3 points). After 6 months improvement in neurological examinations was observed in those patients (NIHSS scale 0 and 1 point). In the whole group, the mean MMSE score was 28.74 preoperatively and 27.8 postoperatively (p = 0.038). In the offpump group, the mean MMSE scores were 28.71 preoperatively and 27.91 postoperatively, and in on-pump CABG the mean MMSE scores were 29.07 preoperatively and 28 postoperatively (p = 0.048).
In the group of patients who completed the full set of examinations (examination before, in the early stage and In 6 patients (2 on-pump, 4 off-pump) in the early postoperative period there was a worsening of EEG findings (more disseminated theta waves within the frequency range from 5 Hz to 6 Hz). In EEG examinations performed 6 months after CABG in 3 cases an improvement of the EEG recording was found (increased frequency of a rhythm more than 1 Hz, improvement of regularity, decreased number of theta waves).
No significant correlation between new brain lesions detected on MRI (both DWI and SWI) and neurological examinations was found. In all patients (except 1 with stroke) lesions visible on MRI examinations were clinically silent.
Discussion
Coronary artery bypass grafting is connected with the risk of neurological complications, such as stroke or acute encephalopathy [12, 13] . Neurocognitive impairment oc-A B Fig. 3 . Susceptibility-weighted imaging MRI before (A) and after coronary artery bypass grafting (B). Postoperative MRI revealed a focal susceptibility effect lesion in the left frontal lobe at the borderline between the internal capsule and the white matter of the frontal lobe (arrow) Evaluation of brain lesions in patients after coronary artery bypass grafting using MRI with the emphasis… curs in this group of patients more often, with estimates of 4-90%, whereas the frequency depends on the type of surgery, the group of patients, risk factors and the intervals of testing after surgery [13] . The mechanism of neurological complications in patients after CABG, in particular with the use of extracorporeal circulation, is still not completely clear. The etiology of perioperative stroke is multifactorial. Ischemic strokes secondary to carotid artery stenosis or resulting from cerebral hypoperfusion are rare [14] . Most often, stroke associated with CABG is caused by microemboli. Manipulation of the atherosclerotic aortic arch or gaseous micro-emboli arising from the oxygenator or from the opened heart can cause early embolism [15] . Stroke may occur intraoperatively, early or late, postoperatively. Intraoperative strokes are more often connected with emboli, thrombosis or hyperperfusion [16, 17] . Likosky et al. found that embolic strokes are most frequent, followed by multiple etiologies and hypoperfusion [18] . Magnetic resonance imaging is a very sensitive method used in detecting brain damage. Diffusion-weighted imaging has higher sensitivity in detecting early ischemic changes than computed tomography or conventional MRI images. Neurological examinations suggest a relatively low risk for ischemic complications of the brain after CABG, but in 25-50% of patients after CABG new ischemic lesions were detected on DWI MRI [19] [20] [21] .
In our material, new brain lesions detected on postoperative MRI were observed in 23.5% of patients, in 9.8% of cases lesions were visible on DWI, while the majority of new lesions were visible only on SWI. There are a lot of papers about new brain lesions detected on DWI, but we did not find in the available literature any reports about the usefulness of SWI in this group of patients.
Susceptibility-weighted imaging is a source of additional clinical relevant information, complementary to the conventional sequence of MRI. Susceptibility-weighted imaging is a high-spatial-resolution gradient-echo imaging technique which is particularly useful for detecting small amounts of hemorrhage (blood product) or calcium, both of which may be invisible on other MRI sequences. It is also quite sensitive to the presence of other substances such as iron and air.
Many authors have demonstrated considerable usefulness of SWI in assessing microbleeding in diffuse axonal injury, coagulopathies and vascular malformations. T2*-weighted gradient-echo MR imaging was the method of choice for detecting cerebral microbleeds because of its sensitivity to the field inhomogeneity caused by hemosiderin deposits [22] , but Tong et al. [20] in their work observed 3-6 times higher sensitivity of SWI compared to T2*-weighted images of the GE sequence, in detecting the size, number, volume and localization of hemorrhagic changes in diffuse axonal injury [23] . It was also demonstrated that small hemorrhagic foci, invisible in other sequences, could be visualized on SWI.
It seems that the frequency of the appearance of new lesions after CABG should be higher than earlier supposed if the protocol of MRI examination contains the SWI sequence. It is worth noting that in our work, lesions visible on SWI were observed only in patients operated on with the use of extracorporeal circulation, probably depending on the technique of surgery, and may correspond to microhemorrhage foci or emboli caused by calcified atherosclerotic plaques or gaseous. Distinguishing between calcification and blood products is not possible on the post-processed SWI images as both demonstrate signal drop out and blooming. The lesions visible on DWI and SWI, except for 1 patient with stroke, did not cause neurological symptoms. Many authors have concluded that small ischemic lesions detected on DWI-MRI are most often clinically silent [21] . The clinical impact of "silent" ischemic brain lesions after cardiac surgery is debated. Cognitive dysfunction is the most common clinical evidence of brain injury after cardiac surgery.
A relation between ischemic brain lesions detected on MRI after CABG and neurocognitive dysfunction has not been fully proven. Some authors suggest the influence of ischemic lesions on the deterioration of cognitive functions and others report the lack of a relationship [23, 24] . Neurocognitive disorders in the early postoperative period were also observed in patients after non-cardiac surgery, suggesting a relation between these disorders and general anesthesia, not the type of surgery [25] . It is increasingly emphasized that neurological complications have a closer connection with perioperative risk factors (vasogenic changes, patient's age, hyperlipidemia, atrial fibrillation) than the type of surgery, but there are big discrepancies, too.
The limitation of this study is a lack of correlation between brain lesions detected on SWI MRI and neuropsychological examinations, but neurocognitive impairment can be detected only with careful neuropsychological testing by a trained and experienced examiner. A meticulous look for characteristic disturbances in memory, psychomotor speed, executive function, visuo-constructional ability, and ability to concentrate is required [26] . In our work we used only MMSE as a screening test because of the debility of the majority of patients and problems with concentration in the early postoperative period, and it is difficult to reach a conclusion about the correlation between new focal lesions detected on SWI and cognitive dysfunction, as it requires more investigations.
Limitations
Limitations of this work are the relatively small group of patients operated on with the use of extracorporeal circulation and the lack of randomization of groups of patients; patients were operated on with or without circulation based on the cardiac surgeon's decision.
Another limitation is visual evaluation of EEG and using MMSE as a screening test.
Conclusions
1. The use of SWI enables one to detect lesions occurring in the brain after cardiac artery bypass grafting, invisible in other sequences.
CARDIAC SURGERY 2. Cardiac artery bypass grafting using extracorporeal circulation is associated with a greater risk of clinically silent brain damage compared to CABG without the use of extracorporeal circulation. 3. No significant relations were found in patients who underwent on-pump and off-pump CABG between brain lesions detected postoperatively on MR and early and long-term (after 6 months) results of the neurological evaluation.
